A modified version of the Wiederhielm electronic servo system for micropressure recordings was used to establish the details of the pressure drop across successive segments of the microcirculation from arterioles (150^) to venules (200^) in the mesentery of the cat; most of the readings were made in vessels less than 25jz in diameter. Micropressures correlated with central pressure only in arterial vessels larger than 50^. Frequencydistribution plots of micropressures showed a wider spread in the vessels that were 50-1O(V in diameter than they did in capillary vessels that were less than 20M i' 1 diameter. Therefore, it appears that classification of vessels on the basis of diameter, which is at present the only practical way of comparing pressure measurements in presumably identical segments of a continuously branching system, is not adequate and makes statistical analysis difficult. In the present study, micropressures remained pulsatile throughout the bed, although the pulse pressure could be narrowed to 2-4 mm Hg in the capillaries. Simultaneous measurement of pressure in two vessels showed that the greatest pressure drop occurred in the region where arterioles (40-50)u) distributed numerous precapillary branches (10-15/x); in this region arteriolar pressures were reduced from a level of 45-65 mm Hg to about 30-35 mm Hg. These data suggest that application of the resistance term for Poiseuille flow in the microcirculation should take into account the relative sizes of the parent vessel and the branch, the entry dimensions into the branch and the length of the neck or junctional segment. Evidence found in this investigation indicated that precapillary branching configurations were self-regulatory. A small number of low-resistance, shunt pathways between arterioles and venules were regularly present, as shown by the extremely small pressure drop in 15-18^ of the vessels. The data indicate that much more caution is needed in interpretation of pressure-related phenomena in the microcirculation because of their strong dependence on the anatomical and physical features characteristic of individual tissues. microcirculation  autoregulation  cat  micropressures  capillary pressure  mesenteric circulation  venules  arterioles  capillaries 
• The microcirculation has been identified as a discrete organic segment which can respond to local factors independently of the remainder of the vascular tree. The basic elements involved-hydraulic pressure, flow, and resistance-have been only sketchily defined. It has been assumed that the driving force-arterial blood pressure-is reduced to capillary levels by the resistance encountered in the so-called arterioles, a term loosely applied to the smallest muscular vessels proximal to the capillary network proper. Aside from the inference that these muscular vessels, because of their narrow caliber and length, are the principal segments involved in local regulation, little definitive evidence exists about the actual pressure gradients within the microcirculation and the mechanisms involved in the local modulation of pressures.
Direct measurements of pressure in small blood vessels can best be made in tissues that are comparatively thin and accessible to direct microscopy. Most intravital studies of this kind in mammalian tissues (1-5) represent short-term, single recordings in vessels which were identified solely on the basis of their diameter and whether they were arterial (precapillary) or venous (postcapillary). Although such data are useful as a first approximation, neither the number of measurements nor the sampling has been sufficient to determine the contribution of individual components to the pres- Obviously, in a continuously branching sequence with both lateral offshoots of different sizes and in-series dichotomies, vascular diameter itself is not a sufficiently precise criterion for comparing pressure relationships. The problem is further complicated since there are substantial differences between tissues with respect to length and number of arterioles and precapillaries, path lengths from arteriole to venule, shunts, etc.; therefore, one cannot attempt to identify pressure-flow relationships or local regulatory mechanisms without reference to these physical parameters.
The present study is a detailed examination of the distribution of pressures in the mesentery of a reasonably large population of cats; two microprobes were used to establish absolute pressures and pressure differences across single vessels, branching complexes, and whole microvascular networks. The cat mesentery was selected because of its characteristic arcading pattern of paired arteries and veins which demarcate discrete areas of tissue supplied by a readily identified set of arterioles and venules with a substantial intervening network of capillaries. Because of the fundamental importance of pressure relationships to many different vascular functions and the paucity of such information, a detailed survey of the parameters affecting pressure distribution and adjustments was made before any systematic analysis was attempted.
Despite substantial individual differences in systemic pressures of the cats used in the present study (105-150 mm Hg), there was no positive correlation between systemic pressure and pressures in the microvessels below 60)u in width. Much of the difficulty in comparing data from different cats resulted because it is impossible to identify presumably similar vessels on the basis of diameter alone.
Methods
The pressure data, which cover studies over the past 2 years, are based on observations in the mesentery of 110 cats. The cats were anesthetized with sodium pentobarbital (35 mg/kg body weight, iv). Central arterial pressure (carotid catheter directed toward the aorta) and venous pressure (catheter in the superior vena cava) were routinely recorded using Statham gauges. The mesentery was exposed surgically (6) , draped over a hollow plastic support, and irrigated with a balanced Ringer-gelatin solution maintained at 35-36°C by a thermistor sensing element mounted in the tip of a fine catheter. Body temperature was monitored and maintained with a heating pad.
Each microvessel was routinely photographed on Pola-roid film and located precisely in the terminal vascular bed. Vessel dimensions were measured by two methods. In one method, Polaroid photographs were taken at a magnification of 400-600x; midwall-to-midwall dimensions were estimated with accurate calipers and compared with calibration grids which could be read to 180th of an inch. The second method was similar to the image-shearing technique of Baez (7) , except that the shearing was accomplished electronically on a video screen (8) at a final magnification of 900x. In practice, the edges of the inner lumen surfaces were matched, giving a readily defined end point. The extent of image shear was calibrated using a scale with 10^ intervals and a 50-60^ separation as a standard reference. Such measurements are highly reproducible; for each determination three or four readings were averaged to the nearest 0.5M-
The tissue was placed loosely over the pedestal with cotton-tipped swab sticks for viewing through the microscope. The intestine was then buttressed on all sides with moistened cotton, and no attempt was made to stretch the mesentery. Only the preparations which met welldefined criteria for adequacy-no petechiae, no capillary or venular stasis, and no palisading of leukocytes in the collecting venules-were studied.
In most preparations the mechanical handling and the exteriorization of the intestinal mesentery caused an initial hyperemia, but blood flow became stable within 5-10 minutes. The vessels remained responsive to both constrictor and dilator stimuli. Spontaneous vasomotor movements were present, and there were no signs of white blood cell sticking or extravasation. The preparations maintained these criteria of integrity for at least 2-2.5 hours.
To avoid the effects of protracted exteriorization of the mesentery, only data taken during the first 2 hours are reported; during that time, pressures in the large mesenteric vessels remained stable and consistent micropressure readings were obtained. The routine procedure was to record as quickly as possible a sampling of pressures in an arteriole and its corresponding venule to establish the boundary conditions for a particular microcirculatory network and then to focus attention on a set of vessels for more detailed measurements.
In 7-8% of the preparations in otherwise normotensive cats, a vigorous plethoric flow persisted evidently because of a sustained dilation of the distributing arterial vessels. As might be anticipated, the micropressures, especially on the venous side, were some 10-15 mm Hg higher than those in the majority of the cats. These preparations were not used.
Although vessel diameter was used as a convenient frame of reference for graphic representation, identification of vessel types was based primarily on the location of the vessel in the terminal vascular bed as a whole. Inasmuch as a specific nomenclature is used for communication primarily, no detailed description of each segment is provided; the terms used are small artery, arteriole, precapillary, capillary, and venule (9) . Arteriole refers to 20-40^ vessels that have walls with a single layer of smooth muscle. Arterial vessels with heavier walls (2-3/x) are usually 50^ wide or larger; they are classified as small arteries. The arterioles have long, delicate ramifications that are almost of capillary dimension; they have received different designations in the Terminal arteriole refers to the final 200-300p course of these vessels. I have used precapillary to refer to the muscular vessels from which the majority of capillaries are delivered. They characteristically arise as lateral offshoots of arterioles. The venous system was defined to begin where capillary vessels join one another to form larger confluent vessels. The first of these wider capillaries (15-20^) are referred to as postcapillaries. They in turn fuse to form heavier-walled collecting channels, apparently nonmuscular, that are designated collecting venules. The collecting venules interconnect to form 40-6IV muscular venules that usually are paired with an arteriole of comparative size. The term capillary bed refers to the entire vessel complex between a terminal arteriole and a collecting venule.
Pressures were measured with an electrical null method based on the method originally developed by Wiederhielm et al. (10) but incorporating modified electronic circuits and servo-pump characteristics (11) that provide improved tracking and stability. The frequency response of the micropressure system was over 35 Hz. The micropipette tips were ground on a fine-grain, air-driven stone to produce a sharp bevel and openings of 2-4fi. For vessels of capillary dimensions, 1-2^ tips were used. The micropipettes were filled with 1M or 0.5M saline and inserted into selected vessels with a micromanipulator usually under magnifications of 200~300x. Pressures could be recorded continuously with such pipettes for up to 1 hour in vessels ranging in diameter from 250^ to l\i. In the majority of experiments, two micropipettes were used to determine the pressure drop across single vessels or selected portions of the network.
Insertion of such micropipettes caused little or no mechanical interference with flow in vessels down to 10-12/J in width. In vessels below Wfi, some interference can develop; therefore, it was preferable to use intubation so that a side branch was obstructed just at the point of branching, creating a static side Pitot tube. When unsharpened micropipettes were used some injury was inflicted, as manifest by the formation of platelet aggregates. In the present experiments, within 20-30 seconds any microaggregates were washed away, and after several minutes no evidence of injury remained. If microthrombi persisted for several minutes, the pressure data were discarded.
For repeated measurements of capillary pressure, a micropipette was inserted into an effluent postcapillary, and at 1-2-minute intervals the vessel just ahead of the microneedle was temporarily obstructed with a blunt holding microneedle, thus leaving the intubated vessel open only to the prevailing capillary pressure. In most situations drainage of a capillary network involved several venules; therefore, mechanical occlusion of a postcapillary produced only a small change which reflected the drop in pressure from its tributary capillaries. For example, under these circumstances, postcapillary pressure during continuous recording in a given experiment was 20-24 mm Hg and was increased 3-4 mm Hg during the static period when outflow into the venule had been obstructed. In a few instances when a network had no collateral connections, obstructions of venous outflow led to a rapid elevation in capillary pressure to essentially arteriolar levels.
A common manifold was used to provide accurate zero settings for all transducers for both micro-and macrorecording so that their readings could be compared directly. The micropressure system was capable of resolving differences of 0.2 mm Hg in the test systems. Our recordings were reported to the nearest mm Hg. The micropressure system was also calibrated in cm H 2 O to make it simpler to detect small differences within the capillary network proper.
FIDELITY OF MICROPRESSURE RECORDING SYSTEM
There has been some question in the past concerning the fidelity and the accuracy of particular micropressure systems. As indicated, pressures were measured by a modified version (11) of the servo-null method developed by Wiederhielm et al. (10) . There can be no doubt of the accuracy of continuously recorded pressures, since the servo system becomes unstable when the pipette tip is plugged by adherent platelets or when it impinges against the vessel wall and cannot be balanced electronically. Details of the instrument have been published previously (12) .
Examples of the linearity and the frequency response of the micropressure-measuring system are shown in Figure 1 . Static tests were made comparing the responses of the microprobe with those of a conventional Statham PB23 pressure transducer. The linearity and the exact correspondence of the two units are shown for the 40-60-mm Hg scale used routinely (A) and for the full 200-mm Hg scale (B). The consistency and the fidelity of the frequency-response characteristics are shown in C and D. Tracings made at higher paper speeds (up to 250 mm/sec) indicated the ability of the micropressure probes to follow the upsweep and the downsweep of the changing pressure front at frequencies up to 20/sec. Base-line drift was minimum and zero levels were checked before and after each measurement.
Results

STATISTICAL EVALUATION OF MICROPRESSURE DATA
In the heterogeneous population of cats used in the present study, central arterial pressure ranged from 60 mm Hg to 194 mm Hg in different cats. A frequency-distribution analysis of the 110 cats showed an essentially Gaussian profile with a mean pressure of 121.8 mm Hg and a standard deviation of 20.6 mm Hg. To include as many normal cats as possible, an arbitrary division was made designating the pressure range which included 75% of the cats, i.e., the range from 101 mm Hg to 142 mm Hg, the normotensive range. In about 13% of the cats central arterial pressure was 142 mm Hg or higher (hypertensive group) and in 12% it was below 101 mm Hg (hypotensive). The central pressures of the so-called normotensive cats were more uniformly distributed with a mean of 120.4 mm Hg and a standard deviation of 10.7 mm Hg; unless otherwise indicated, the data refer to this group of cats.
With repeated dichotomization of the supply arteries, there is a gradual drop in pressure; by the time the vessels enter the sector of mesentery Static and dynamic response characteristics of the micropressure probes. Pressure (mm Hg) is indicated on the ordinate. Note that the linearity and the frequency response are essentially the same for both probes.
which they serve, the arterial pressure is 20-25% below control levels. Pressure recordings in these small arteries closely follow the trend and the fluctuations in the systemic pressure. Beyond this segment, the actual distribution of vessels to the tissue proper occurs; the pressure in these microvessels falls much more rapidly.
For purposes of analysis the microvascular bed can be divided into five categories using the centrally placed capillaries as a central frame of reference and dividing the arterial and the venous vessels on either side into two broad categories. Just proximal to the capillary network is a group of vessels of near capillary dimensions which are contractile and show considerable vasomotor activity; these vessels are designated precapillaries. They usually arise as lateral offshoots of the larger arterioles. The arterioles are a somewhat heterogeneous group ranging between 20/i and 50^ in diameter. On the venous side a distinction is made between what are essentially wide capillaries (10-20^)-the noncontractile postcapillaries-and the larger collecting venules (20-50/*)-the first contractile segments on the venous side of the microcirculation.
A computer analysis of the relationship between central arterial pressure and the corresponding small blood vessel pressures for each of these four broad groups is shown in Figure 2 . Also included is a frequency-distribution plot which gives the mean pressure, the standard deviation, and the maximum and minimum pressures for each category of microvessels. The scattergrams of central arterial pressure vs. small vessel pressure are divided by vertical lines into hypotensive and hypertensive categories. Regression lines are plotted for each of the vessel groups for the normotensive cats. The broken line is an extrapolation into the hypertensive and hypotensive categories. The data on the whole indicate that the substantial individual differences in central arterial pressure are not reflected in the absolute levels of hydraulic pressures within the complex of microvessels 25^ or less in diameter.
Each of the four segments of the microvasculature show a distribution of pressures of about 18-25 mm Hg. This broad range of differences for apparently similar vessels cannot be ascribed to shortterm, temporal fluctuations in pressure, since during the 2-3-minute sampling period micropressures remained quite constant. Micropressures in a particular vessel shifted over a comparatively narrow range (± 3-4 mm Hg). The range of individual differences in the precapillary and postcapillary vessels appears to reflect variations which occur over a somewhat longer time base, usually 15-30 minutes. These variations include speeding and slowing of red cell velocity, changes in distribution of red blood cells, and even stopping and restarting of flow. This type of variability is characteristic of the microcirculation in normal tissues studied by intravital microscopy. Table 1 details the essential numerical data for the microvessel pressures that are plotted graphically in Figure 2 . In additio'n to the diameter ranges and the pre-and postcapillary categories included in Figure 2 , numerical data are presented for all arterial microvessels ranging in diameter from 10 to 65.0^ and for all venous microvessels. There is a progressive flattening of the slope of the regression line along the successively smaller microvessels until in the postcapillaries the regression line has essentially no positive slope.
The existence of a positive correlation coefficient for microvessels above 40-50/z and of a general trend for the relationship to become much less manifest at the capillary level supports physiological concepts of microcirculatory function. However, the fit of the line to the data is quite poor as evidenced by the low correlation coefficients for each category. The square of the correlation coefficient was used to determine the percent of the total variation represented by the regression line. Thus, only about 10% of the points for all arterial vessels between 10/z and 65/z fell on the linear regression line, and only about 2% of all venous microvessels fell on the linear regression line.
In view of the poor correlation between small blood vessel pressure and central arterial pressure in each of the microvascular categories, an estimate of the error in the regression line slope was obtained using the 95% confidence level from Student's £-test (13) . A positive correlation existed for all of the vessel categories except the arterioles that were 20-25/* in diameter and the venules that were 10-20^ in diameter, which showed only a 90% confidence level.
On the whole such findings lead to the conclusion that individual differences in central arterial pressure are only weakly reflected at the microcirculatory level and that some combination of local factors is responsible for maintaining pressure levels in the microcirculation. Furthermore, the use of central arterial pressure as a frame of reference, i.e., as a normalization parameter, is not justified.
MICROPRESSURE DISTRIBUTION
Most textbooks use a modification of the Landis diagram of the pressure gradient to depict the increasing hydrodynamic resistance encountered in small blood vessels. No accurate record has, however, been made using two microprobes to determine the precise pressure gradient across the successive segments of the vascular tree of mammalian tissues. A previous report (4) has presented a series of single pressure measurements in the minute vessels of the cremaster muscle of the rat. The present studies on the mesentery included about 1,000 measurements of vessels ranging from 5 to 150/*. Despite the range of pressures encountered, a plot of pressures for microvessels of different diameters showed a well-defined trend of mean values. Statistically significant mean pressures and standard deviations were obtained for the six major groups of small vessels below 60/* in diameter. Figure 3 is a pressure-diameter plot for normotensive cats and includes arterial and venous vessels 60-65/* in diameter and smaller. The mean values shown for a given diameter were computed for a range of ±5/* for the points indicated. The standard deviations progressively decreased as vessel size approached capillary dimensions. A cubic spline smoothing curve was included to better show the pressure trend; this curve fit the mean values reasonably well.
Although there was some overlap between adjacent categories, the decline in hydraulic pressure became significantly steeper across the arteriolarprecapillary portion of the network. If only the mean values are considered, the greatest reduction in pressure occurred during transport of the blood through the vessels lumped together in the precapillary group. The decline in pressure within the network of true capillaries and postcapillaries was much more gradual. Frequency-distribution plots of the pressures and the diameters encountered ( Fig. 4) show that emphasis was placed on vessels between 25M and lOjt in diameter, i.e., the so-called terminal arterioles, precapillaries, capillaries, and postcapillaries. Distribution of micropressures in normotensiue cats plotted for the range of vessels between 60p arterioles and 60n venules. A smoothed line of best fit {cubic spline) was determined for the successive segments together with the standard deviation for each of the designated vessel groups. The means were computed for ±5JI intervals about each abscissa point. The numbers in parentheses indicate the number of vessels sampled for each interval.
A small number pf venular vessels (about 12%) had pressures above 70 mm Hg and were presumed to represent shunts. In the hierarchy of microvessels below 25^i, the mean pressure for almost 400 measurements averaged 30.1 mm Hg.
It was of interest to determine to what extent changes in the status of the cardiovascular system as a whole altered the micropressure profile. A separate plot was therefore made for the pressure distribution in cats with systemic pressures at the hypertensive and hypotensive extremes. As shown in Figure 5 , the pressure drop across the precapillary vessels in the hypertensive cats was more than twice that in the normotensive cats. Interestingly enough, the hypotensive cats showed a smaller pressure drop across the arterioles and the precapillaries. The pressure gradient across the capil- Plot of frequency distribution of pressures and vessel diameters on which data in the present study are based. Pressure profiles for cats with extreme pressures (hypertension and hypotension). Division into these pressure categories is shown in Figure 2 . The range of pressures was broader in the hypertensive group. Note the trend for pressure to converge in the precapillary (15-20^) laries and the postcapillary venular confluences was essentially the same in all cats, although the absolute pressures were higher (3-5 mm Hg) in the hypertensive group. Data on the pressure drop across the successive segments of the microcirculation shown in Table 2 are based on the mean values established for 93 normotensive cats (Fig. 3) . The greatest pressure drop occurred across the terminal arterioles and the precapillaries; the capillaries proper and the postcapillary vessels contributed only a comparatively small fraction of the total drop. Local perturbations induced with either topical constrictor (norepinephrine) or topical dilator (papaverine) agents had their greatest effect on the pressure in Data are from 93 normotensive cats. Values for pressure are means ± SD.
* Percent of total drop across bed. P A = arteriolar pressure, Pv = venular pressure, P x = pressure at segment under consideration.
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the precapillaries. Capillary and venular pressure was affected proportionately much less than was the pressure in the feeding vessels.
PHYSICAL FACTORS IN PRESSURE DISTRIBUTION
Unbranched Vessels.-The pressure drop along unbranched channels is believed to follow a Poiseuillian relationship: _d£ where P = pressure, L = length, rj = apparent viscosity of the blood, Q = flow rate, and r = radius of the vessel. dP/dL data were more readily obtained in vivo for the larger blood vessels, because long lengths of unbranched portions could be intubated with two microprobes. In the larger arterioles and venules (40-70^ wide), the probe separation was at least 1-2 mm. In vessels narrower than 35/^, the pressure drop became progressively greater and could be measured accurately across lengths as small as 200-250/x. The most difficult measurements were those for dP/dL in the capillaries. It is not possible to place two micropipettes into a single capillary without interfering with flow; therefore, the two probes were inserted into two side branches at the junction so as to block completely the flow into the offshoot to form a static Pitot tube. It was felt that such recordings accurately measured the pressure drop along the length of the intervening capillary. The data for microvessels 6-70^ in diameter shown in Figure 6 were obtained in 14 cats.
The pressure drop along the length of the larger vessels (>3<V) was quite small (average 0.1-0.2 cm H 2 O/100^). In narrower vessels, e.g., in 18-20/u terminal arterioles, dP/dL increased (0.3-0.4 cm H 2 O/100M). In 6-9j/ capillaries, dP/dL ranged from 0.6 to 1.2 cm H 2 O/100M depending on the diameter and the length.
Since the range of values for dP/dL for the capillaries was considerable (0.6 to 1.2 cm H 2 O/ lOOfi), 24 vessels were tested to make the data as representative as possible. True capillaries vary in width in the mesentery from 5.5 to lift and are not perfect cylinders. Capillaries that are longer than 400^ are often wider at their venous end, e.g., 6.0/x at their arterial end and 8.0/i at their venous end. The scatter of dP/dL measurements was presumably due to a combination of these factors and possibly to differences in the apparent viscosity of the blood because of considerable differences in the number of red blood cells in the capillary. The majority of capillaries in the mesentery were 7.0-8.5/* wide and about 250-300^ long between Reduction in pressure measured by two microprobes separated by the maximum distance possible between branches. In arterioles, dP/dL was measured along a 1500-2500ii interval; in venules longer segments were usually available, 2000-3000^. In the capillary region, the interprobe separation was usually 200-350n. Values indicated cover a diameter range of ±5ji for each of the categories listed except for capillaries in which the range is ±2 (1. branchings; therefore, the pressure drop along a single capillary averaged between 1.0 and 1.5 cm H 2 O. The total path length of a capillary from precapillary to postcapillary varied between 450 and 800/i so that the net drop in pressure across the capillary network proper was as little as 5.0 cm H 2 O and as high as 7.5 cm H 2 0.
Arterial Branching and Pressure Drop.-Inspection of pressures simultaneously recorded with two microprobes, one in an arteriole and one in a side branch, suggests that the pressure drop is in some way related to structural factors introduced by branching. There is little data on this phenomenon in vivo, although model systems have been tested for the effects of branching on pressure-flow relationships (14) .
Anatomically the arteriolar-precapillary sidebranch configuration cannot be represented as a side tube of uniform diameter attached to a slightly larger tube. There are a number of unique structural features. The junctional region is actually a pinched structure presenting a narrowed entry, frequently as small as 3-5/i, into the branch. This narrowed neck portion persists for a variable length, usually 10-15M-The remainder of the precapillary proper is close to capillary dimensions, ranging between 12^ and 15/x so that the branch is narrower than the parent stem by a factor of three to four. Both the arteriole and the junctional segment of the precapillary are muscular and adapt to changes in transmural pressure. Comparatively small differences in the size of precapillary branches from a given arteriole have disproportionately large effects on the pressure drop. It is not the purpose of the present study to analyze each of the above variables; the reader is referred to an analytical solution proposed by Vawter et al. (15) . Rather, this study attempted to document the pressure relationships across the different branching configurations encountered in the mesenteric microvessels.
The relationship between the parent arteriole and the precapillary branch can best be described in terms of the ratio of branch diameter to parent diameter. Different branches distributed by a single arteriole have ratios varying from 0.3 to 0.7. Generally, the higher the ratio, the less the pressure drop into the branch. A representative set of branchings together with simultaneous micropressure tracings for the two vessels are shown in Figure  7 . Such abrupt, lateral offshoots are characteristic of the arterioles and the precapillary vessels. The feeding vessels shown in B and C are a continuation of the arteriole in A. The pressure drop was measured in two ways: either one probe was inserted in the parent stem and a second in the branch so that the pressure differences were recorded directly or a microprobe was placed in the precapillary branch and an occluding needle was positioned further distally along the branch. With the latter procedure, the precapillary branch was obstructed to interrupt flow completely, and the pressure in the static side branch rose to that of the parent vessel.
By selecting arterioles with the same diameter in several areas of the mesentery, the effects of branching in similar-sized vessels over a range of pressures from 40 cm H 2 O to 68 cm H 2 O could be compared. Data from 19 such arterioles with a total of 76 branches are plotted in Figure 8 . Since the pressure drop in absolute terms varied with the pressure in the arteriole, two plots are shown. The difference between the pressure in the parent and the branch relative to that in the parent is shown in A, and the actual pressure drop across the branch-TERMINAL ARTERIOLE I sec FIGURE 7 Montage of three photographs and corresponding pressure recordings that illustrate the branching effect and the significance of parent-to-branch ratios in reducing arterial pressure. The most striking effect is seen in B where a pressure drop of 13 
cm H 2 O develops because of the narrow entry into the precapillary branch (200x original magnification).
ing junction is compared in B. The two plots are quite similar except that the range of values tends to be narrower for a given ratio when the change in pressure alone is considered.
Although the example cited in Figure 7C for branch and parent vessels of equal size (ratio 0.8) shows a set of capillary-sized vessels, the principle holds for larger arterioles with substantially higher pressures. Arterioles frequently dichotomize into two extensions of similar size. The pressures in such offshoots are proportionately closer to that in the parent stem, e.g., the pressure in an arteriolar stem was 45 mm Hg and the pressure in its two dichotomous branchings was 40 mm Hg and 41 mm Hg, respectively. The most common branching ratios in the arteriole-precapillary vessels are between 0.3 and 0.5, so that the pressure drop averages 20-30%. A number of different experimental modalities substantiated the validity of the branching concept. It was possible to compress a feeding artery with the side of a microneedle upstream, at least 500-1000/1 away, so as to reduce flow and lower pressure in the feeding arteriole. To minimize the possible effects of reactive hyperemia, the mechanical obstructions were maintained only for 4-5 minutes. When the distributing artery was partially obstructed, the pressure in the arteriole could be reduced gradually, e.g., from 43 mm Hg to 30 mm Hg. Pressures in the precapillary branch, which were recorded continuously, fell at first as the artery was compressed, but within 2-3 minutes they had returned to their original level. Only when the pressure in the feeding arteriole was reduced below 30 mm Hg did the precapillary branch pressure fail to return to its original level. In the case of the precapillary cited earlier, arteriolar pressure was lowered in several steps from 43 mm Hg to 33 mm Hg and each time precapillary pressure returned to its original level, (27 ± 1 mm Hg). When arteriolar pressure was lowered further to 30 mm Hg, precapillary pressure fell and then began to rise; however, it reached a steady level of only 25 ± 1 mm Hg. There were accompanying changes in the diameter of the two vessels when pressure was lowered. For example, in this experiment, the arteriole was narrowed from 50/x to 47p, but the precapillary branch increased from 15^ to 17^ in diameter.
Conversely, the effect of an elevation in arteriolar pressure could also be studied. The parent vessel was obstructed with a blunt holding needle downstream just beyond the branch so that all of the flow at that point was diverted into the precapillary side branch. The pressure drop remained proportionately the same; the absolute pressures depended on the actual rise in pressure (4-6 mm Hg) in the obstructed feeding arteriole. In such experiments, the changes in the diameter of the two vessels were too small to be detected.
Spontaneous variations in pressure and diameter were also seen. The parent stem and the branch underwent changes in diameter independently of one another. Such independent activity was seen most commonly in the precapillary branch which at times gradually widened or narrowed by 20-25% in conjunction with a corresponding change in the pressure drop. In the majority of instances, there were no detectable dimensional changes during the 3-4 minutes when measurements were made, and the pressure drop remained the same. On the other hand, when arteriolar pressure increased or decreased spontaneously by about 4-5 mm Hg, there was a concomitant transient rise or fall in precapillary pressure for 2-3 minutes; after this time the precapillary pressures returned to their original level.
VENOUS BRANCHING AND MICROPRESSURES.
On the venous side of the microcirculation, the progressive fall in pressure likewise appears to occur in accord with the branching pattern. In Figure 9 , the pressure drop was recorded successively beginning with a capillary branch that originated as an arteriolar offshoot (A) down to the arcuate venule which was the major effluent channel for an area of 1.5 x 10 3 j* 2 of the mesentery. The pressure was reduced from 26 cm H 2 O in the immediate postcapillary (C) to 19 cm H 2 O in the arcuate venule (E).
A comparison of the pressure drop in arteriolar and venular vessels with similar branching ratios showed that the reduction in pressure was consistently greater on the venous side. The reason for this difference is unknown; possibly it was related to the slower flow and an increased frictional resistance in the venules.
Discussion
Currently available data on pressure levels and distribution in the microcirculation of mammals are not sufficient for an analysis of basic aspects of blood flow and exchange. One study by Shapiro et al. (2) on the pial vessels is somewhat comparable to the present investigation; however, in their study only portions of the arterial and venous tree were visible in any given region. A general survey of pressures in the microcirculation of the cremaster muscle of the rat and the omentum of the rabbit has been reported previously (3, 4) . Wiederhielm and Weston (5) have compared pressures in the microvessels with those in the tissue and the lymphatic compartments of the bat wing. Nicoll (1) used a much less sensitive hydraulic micropressure system to obtain mean pressures for vessels of different sizes in the bat wing. Gore (16) has reported pressure changes in the larger microvessels of the frog and in the cat mesentery relative to central pressure perturbations.
The present analysis of pressure relationships in the microcirculation revealed a number of apparent inconsistencies. Despite the fact that timeaveraged pressures in single microvessels fell into a comparatively narrow range during a 2-hour experiment, it was difficult to compare pressure values for particular vessels in different cats because of the considerable spread of the data. Numerous factors could account for this disparity. Despite the many precautions taken, the possibility exists that handling of the exteriorized tissue led to varying degrees of vasodilation in different preparations and to consequent skewing of the micropressure distribution. My experience has been that the effects of such manipulation are reversible and that visible signs of hyperemia disappear and pressure levels return to a steady state within 5-10 minutes after exposure. My belief in the validity of the pressure data is buttressed by the ability of the terminal vascular bed in the exteriorized mesentery to adjust local pressures in response to experimental perturbations in arterial or venous pressure. When the cats prepared for intravital studies were challenged with a stress stimulus such as graded hemorrhage, striking vasomotor activity developed throughout the mesenteric microvasculature. An especially good index of vascular Montage of a photographic reconstruction and pressure tracings on the venous side. The pressure drop is obviously related to the relative size of the two confluent vessels. The greatest pressure drop occurred where the 32p uenule joined the large venule (78n) on the perimeter of the module.
homeostasis is the maintenance of a high level of reactivity to vasoactive agents. In contrast, the mesenteric preparations in which micropressures were highest were invariably those with a sustained general dilation associated with a refractory state of the microvessels to normally effective stimuli. The effects of anesthesia constitute another potential variable which is difficult to analyze with certainty. Detailed descriptions of micropressure distributions are made much more readily in anes-Circulation Research, Vol. XXXIV. June 1974 thetized animals. Before undertaking the present study, the vascular effects of other anesthetic agents, including halothane and chloralose, were examined; no significant differences in micropressure distribution observed when sodium pentobarbital was the anesthetic were seen when these drugs were used. Even in the unanesthetized bat (1, 5) , micropressures in the terminal arterioles of the wing ranged from 40 mm Hg to 90 mm Hg; this range is as broad as that found in the cat mesentery in this study. The micropressure profile for other tissues such as the omentum or skeletal muscle, differs* significantly from that for the mesentery, presumably because of anatomical differences, capillary dimensions, etc.; however, the pressures in any given segment show almost the same spread as that encountered in the mesentery.
In most analyses, the successive branchings of the peripheral vasculature are divided into categories which have no absolute boundary values; therefore, some degree of overlap is always present, particularly when diameter is the sole criterion for identification and classification. Also, because the arterioles and the precapillaries are capable of vasomotor adjustments, the arbitrary use of vessel diameter alone for data classification will by itself exaggerate any variability. In the capillary network proper, where the vessels are more uniform and noncontractile, the pressures fall within a narrower range, and differences among individual animals are based more on topographical considerations than on extrinsic factors.
The pressures encountered in particular microvessel groupings plotted for the 110 cats in the present study showed a spread of some 18-25 mm Hg. Such individual variations cannot be explained on the basis of the short-term fluctuations in pressure observed in routine single vessel measurements. During a 2-hour observation period, there was a shift in blood flow in individual vessels and in groups of vessels. Slowing and speeding up of red cell flow were observed in groups of vessels over a time base of 20-30 minutes. This type of vasomotor activity in different portions of a given preparation and in different preparations probably represents another set of factors contributing to the range of micropressures under discussion. A comparatively small change in diameter in any of the terminal arterioles or even in venules could account for the 25-mm Hg spread shown in the scattergrams of micropressures for the several groups of microvessels. Presumably the maximum and minimum values in such plots reflect the degree of change which prevails under control conditions in the mesentery preparations. The fact that a reliable mean pressure can be calculated is a strong argument for its use in further analysis.
A major feature which must be considered is the relationship to central arterial pressure. Shapiro et al. (2) have reported a small but significant correlation coefficient for microvessels 30-45/* in diameter in the pial surface of the brain with respect to central arterial pressures. In the present study, the central blood pressure of individual cats varied by as much as 100%. Over 70% of the cats, however, fell within a range of 105 mm Hg to 150 mm Hg. When pressures in the small arterial vessels were compared with central arterial pressures, a modest correlation was found for arterial vessels down to 25-30/1 in width. Pressures in vessels below this size (8-20/x) showed no discernible relationship to central pressures. On the venule side, the variability within a given group of vessels was clearly unrelated to arterial pressure. Therefore, central arterial pressure probably is not a primary determinant of steady-state micropressure levels.
When separate plots were made for cats with blood pressures above 150 mm Hg and contrasted to those for cats with systemic pressure below 105 mm Hg, the micropressure profiles for the two groups began to overlap in the region of the precapillaries and the capillaries. Mean pressures for these two vascular segments were some 20% higher in the hypertensive cats than they were in the hypotensive cats. It was only in the collecting venules and small veins that the hypertensive and hypotensive groups showed almost identical pressures. Although the more detailed analyses of the factors affecting the distribution of pressures in the microcirculation presented in this paper are based on the normotensive group of cats, the pressure profile indicates that the extremes for the entire population would not have been much broader than those for the terminal vascular bed of the normotensive cats alone, especially for precapillary vessels less than 25/* through to the collecting venules.
Standard deviations were included in the frequency-distribution plots, although the distributions were not strictly Gaussian. Other curve-fitting procedures were used including a Pearson's type of curve-fitting procedure (17) and the skew, normal distribution procedure (18); neither of these procedures significantly changed the averaged values. For a randomly changing function of this kind, with the number of samples that could be reasonably obtained, the data were best characterized by indicating the standard deviation, the extremes or boundary limits, and an integrated mean value for groups of vessels.
CONTRIBUTION OF SUCCESSIVE SEGMENTS TO PRESSURE DISTRI-BUTION
When the arterial subbranchings in the mesentery become narrower than 70-75/*, they interconnect to form arcading structures which, because of their interlocking pattern, wall off circumscribed masses of tissue (19) . The accompanying veins go through identical end-to-end anastomoses. Dis-crete sectors are thus bounded on their periphery by an arcade of paired arterioles and venules which range from 40^ to 60^ in diameter. These circumscribed areas vary in size from 2.5 x 10V 2 to 8.1 x 10V 2 (19) and are vascularized by a network supplied by two or three terminal arterioles with at least two main collecting venules. The arcading pattern of arteriole-to-arteriole and venule-to-venule interconnections tends to balance out pressure differences in the feeding and the effluent vessels for a particular area.
The pressures in the larger microvessels on the arterial side (50-150^) are directly proportional to those in the mesenteric arteries. These findings are in line with those of Gore (16) , who found essentially a 1:1 relationship between experimental perturbations in central arterial pressure and pressures in the larger arterioles (>65^ in diameter) of the isolated cat mesentery. Once the terminal branching pattern is introduced, not only is pressure brought down sharply, but it also falls within a comparatively narrow range dictated by the structural peculiarities of the final muscular branches, which are designated in different tissues as terminal arterioles, metarterioles, or precapillaries (20) .
ARTERIOLAR-PRECAPILLARY BRANCHING COMPLEX
Because the pressure drop across branching points depends on the relative size of the two vessels, some consideration was given to the effects of dimensional changes in either or both of the vessels. Both the large and the small blood vessels are presumed to respond to changes in the prevailing transmural pressure. Unfortunately there are no data on pressure-diameter relationships in arterioles and precapillaries, although pressure considerations in the capillaries of the mesentery have shown them to be relatively nondistensible (21). The arterioles and their precapillary branches are, however, closely invested with a circular layer of smooth muscle; therefore, they might respond actively to changes in wall tension.
The suggestion has been advanced on the basis of evidence from studies on pressure-flow relationships (22) that local adjustments in flow represent a form of autoregulation in response to changes in transmural pressure or circumferential wall tension. A plausible extrapolation from the present data would be that the precapillary branching complex serves as a device to keep capillary flow at a given level by maintaining press.ure in a narrow range. In the preparations in which the arterioles and the precapillaries have become unresponsive to local mechanical or pharmacological stimulation,
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the pressure in the precapillary branches rises and falls passively with arteriolar fluctuations.
The present study has shown that the pressure in the precapillary branch is maintained within a fairly narrow range (34-37 mm Hg) despite perturbations in systemic pressure of 15-20 mm Hg. Furthermore, there is only a temporary effect on precapillary pressure when the pressure in the parent arteriole is reduced experimentally. The mechanism by which the precapillary branch adjusts to changes in pressure is not clear, but it probably reflects some form of myogenic response to variations in transmural/pressure. Another indication of local regulation at the precapillary level is seen in experiments in which venous outflow pressure is increased (23). Although postcapillary pressures are elevated, the steady-state pressure level in the precapillary remains the same or even falls slightly.
BRANCHING RATIOS
A theoretical analysis of the physical factors influencing the pressure drop across branching vessels has been made by Vawter et al. (15) . Generally, when the vessel diameter ratio is below 0.5, i.e., when the parent is at least twice as wide as the branch, the resulting fall in pressure is substantially greater. The presence of a narrow neck in the precapillary branch further exaggerates the pressure drop. In the present studies, if the dimensions of the entry were less than 0.3 times the width of the parent vessel, a slight narrowing of the branch frequently was associated with a complete stoppage of flow in the side branch. This type of borderline branching ratio is common in precapillary offshoots. Vawter et al. (15) found that the absolute drop in pressure across a given branching configuration was linearly related to the actual pressure in the feeding vessel. Muscular branching complexes in which adjustments can be made in either or both components appear to provide a greater degree of control for local blood pressure adjustments than that afforded by the L x r* relationship for Poiseuille flow along a simple tube.
CAPILLARY AND POSTCAPILLARY FACTORS
The pressure drop across a particular network of capillaries remains essentially fixed. It varies only under extreme conditions such as those caused by blood loss or pressor drugs, which can induce fewer or more capillaries to show a continuous blood flow. There is no evidence that any of the confluent microvessels are capable of active contraction until venules 25-30/* or larger are formed (24). When the pressures in a midcapillary and in a muscular venule were measured simultaneously, they were found to fluctuate in a fixed pattern, apparently because the intervening vessels behaved as comparatively inert structures.
Studies (25) on pressure-flow relationships in the vivi-perfused mesentery have suggested that changes in the ratio of precapillary to postcapillary resistances can be mediated by adjustments on the postcapillary side. As indicated in the present paper, adjustments of vascular diameter on the venous side can occur only in venules 25/u in diameter or larger. In experiments in which venous outflow pressure is elevated, the retrograde disturbance in pressure becomes proportionately smaller as the larger vessels are traced back into the capillary network. There is no evidence that venular autoregulation returns the pressure in the capillaries to control values.
On the venous side, the fall in pressure is essentially a mirror image of the arterial branchng effect. Because the venules are wider, their flow tends to be slower than that in their arterial counterparts. There is with each set of confluent vessels a drop in pressure corresponding to the size of the two channels. In some instances, the capillaries empty directly into a much wider collecting venule. In these venules the pressure drop can be as large as 15 mm Hg, and their flow is visibly more rapid.
SHUNTING
The microcirculation is characterized by an uneven distribution of blood through the myriad capillary channels with some of the pathways exhibiting a comparatively high flow. Because of the disproportionately small surface area for exchange, the term nutritive shunting has been applied to phenomena of this kind (24, 25). Evidence for convective shunting has been observed in several situations (23). Many capillaries originate directly from arterioles and terminate in nearby large venules. In these instances, not only is the capillary pressure high (38-40 mm Hg), but the vessels frequently empty into larger drainage vessels that have a much lower pressure (18-20 mm Hg). The combined effect of the shorter path length and the greater pressure difference leads to a more rapid flow in such channels. Anatomical shunts of the thoroughfare channel type are common in the mesentery of some species such as the rat, the rabbit, and the dog, but they are much less common in the cat.
The present study has brought into perspective the problems associated with measurements of micropressures. It has shown the inadequacy of using vessel diameter as a criterion for identification. The most informative pressure data were obtained in successive components of a given branching sequence. The relative independence of micropressures from the level of central arterial pressure points to the presence of peripheral regulatory mechanisms; the arteriolar-precapillary branchings are an important feature of such adjustments. To compare micropressure measurements with other relevant parameters such as flow, blood viscosity, or shear rates, the phenomena might have to be measured concurrently in the same vessels.
